Episodic memory, everyday memory for events, is frequently impaired in patients with epilepsy. We tested patients undergoing intracranial electroencephalography (intracranial EEG) monitoring for the treatment of medically-refractory epilepsy on a well-characterized paradigm that requires episodic memory. We report that an anatomically diffuse network characterized by theta-band (4-7 Hz) coherence is activated at the time of target selection in a task that requires episodic memory. This distinct network of oscillatory activity is absent when episodic memory is not required. Further, the theta band synchronous network was absent in electrodes within the patient's seizure onset zone (SOZ). Our data provide novel empirical evidence for a set of brain areas that supports episodic memory in humans, and it provides a pathophysiologic mechanism for the memory deficits observed in patients with epilepsy.
Introduction
Episodic memory is commonly affected in patients with epilepsy (Blake et al., 2000; Wang et al., 2011) . Synchronous oscillations in electrical activity are thought to support mnemonic function by binding information from spatially-distinct parts of the brain into a functional network (Buzs aki and Draguhn, 2004; Engel et al., 2013; Siegel et al., 2012; Womelsdorf et al., 2007) . Several studies have demonstrated the importance of synchronous oscillations, mostly in the theta band, in episodic memory tasks (Burke et al., 2013; Fell et al., 2008; Foster et al., 2013; Solomon et al., 2017; Watrous et al., 2013) , but none of these studies have compared activity during tasks that require episodic and non-episodic memory to identify the distinct types of oscillatory synchrony critical for each type of mnemonic process. Further, none of these studies directly compared synchronous oscillations between the patient's seizure onset zone and the rest of the brain. Determining the unique pattern of synchronous oscillations that support episodic and non-episodic memory would provide insight into this fundamental aspect of human cognition. We hypothesize that episodic and non-episodic memory would recruit anatomically distinct synchronous networks and that the patient's seizure onset zone would not participate in the synchronous network engaged during task performance.
Further, while memory deficits are common in patients with epilepsy (Blake et al., 2000; Wang et al., 2011) , especially medically-refractory epilepsy (Rzezak et al., 2017) , the cause of interictal memory impairment is unclear. The impairments may be related to structural damage secondary to continuing seizures in the brain regions necessary for memory (Sutula et al., 2003) . There may be functionally deleterious effects of interictal epileptiform discharges; epileptiform discharge frequency recorded either by scalp EEG (Aarts et al., 1984) or intracranially (Kleen et al., 2013; Ung et al., 2017) is correlated with memory impairment. Alternatively, if synchronous oscillatory activity is necessary to organize neural networks and support cognition, patients with epilepsy may have impairments secondary to poor network participation of the seizure onset zone (SOZ). Oscillatory synchrony of the SOZ with the rest of the brain is reduced during the interictal interval (Burns et al., 2014; Warren et al., 2010) , but the relative participation of the SOZ in oscillatory networks during the performance of cognitive tasks has not been investigated. The demonstration of exactly how the SOZ fails to participate in synchronous networks would provide a vital insight into the pathophysiology of memory deficits in epilepsy.
To help understand the brain networks that support different types of memory function, some of which may be impaired in epilepsy, we chose an object-in-place scene memory task originally developed for nonhuman primates (Gaffan, 1994) to model human episodic memory. In this task, pairs of fractal visual targets are depicted on unique backgrounds made up for randomly generated color shapes (Fig. 1A) . The combination of the background, targets, locations and time at which they were encountered represents a complex episode. Rapid learning of lists of object-in-place scene discrimination problems requires episodic memory because of this requirement for a conjoint representation of the target and the surrounding scene (Gaffan, 2002 (Gaffan, , 1994 . This representation requires interaction between prefrontal and temporal cortex as demonstrated by lesion studies in non-human primates (Browning et al., 2005; Browning and Gaffan, 2008; Wilson et al., 2010) . By contrast, replacing the scene component of the discriminations with a white background eliminates the contextual cues surrounding the targets. In this non-episodic task, learning is slower and supported by non-episodic memory systems, and interaction of frontal and temporal cortex is not required for normal performance (Browning et al., 2005; Browning and Gaffan, 2008) . Moreover, performance of the object-in-place scene memory task is impaired by fornix lesions in both monkeys (Gaffan, 1994) and humans (Aggleton et al., 2000) . Hence, the object-in-place scene memory task is useful for comparison of the electrophysiologic basis of episodic and non-episodic memory networks because it is known to depend on interaction between prefrontal cortex and temporal cortex in humans and has a closely-related non-episodic comparison task that does not require this interaction.
Here we recorded neural activity in seven patients undergoing intracranial EEG for epilepsy while they performed the episodic and nonepisodic versions of the object-in-place scene memory task. We identify a diffuse theta-band coherent network including the temporal and frontal lobes whose activation correlated with performance in the episodic but not the non-episodic memory task. Further, we compared the activity in electrodes with interictal discharges or in the patient's SOZ with those recording the activity in the rest of the brain. We show that electrodes with interictal discharges activate the theta band coherent network for episodic memory to the same degree as the rest of the brain, but activation of this network in the patient's SOZ was absent.
Methods

Subjects
Consent was obtained from 7 patients undergoing surgical management for treatment of medically refractory epilepsy while they underwent intracranial EEG. The study was conducted according to the principles of the Declaration of Helsinki, and the consent documentation and procedure were approved by the Mount Sinai Hospital Institutional Review Board (IRB). Descriptive information about the patients is in Table 1 .
Task
The patients were tested using an implementation of the episodic and non-episodic memory tasks on an iPad 2 (Apple, Inc.; Cupertino, CA). The iPad was placed before the patient on each testing day at eye level at approximately 20-30 cm away. Environmental distractors were minimized during testing by closing the patient's room door and preventing them from talking. The task involves the presentation of a two colored fractal target images (Miyashita et al., 1991) presented on colored background with randomly generated geometric figures (episodic memory task) or a white background (non-episodic memory task) (Fig. 1A) . The same two colors were used to generate the two target fractals, and these colors were balanced against to the background to maximize discriminability for the episodic memory task. The size of the targets was 100 x 100 pixels on a screen size of 1024 x 768 pixels. Targets were randomly distributed on the screen such that at least 700 pixels separated their centers, and the location of both targets was maintained throughout testing for each target.
During each trial, the two fractal target images are presented on the background from the beginning of the trial. The subject then selects one of the two targets. If the patient selects the correct target, the target flashes for 3 s, followed by a 3 s Inter-Trial Interval (ITI) before the next trial. If the subject selects the wrong target, the wrong target is replaced with a black square that says "WRONG" and the correct target flashes for 3 s, followed by a 3 s ITI. There is an initial sixteen trial block where the subject has never seen the exemplars before. The first sixteen trial block was then repeated four times for a total of eighty trials. The locations of the targets, identity of the correct target, and the background are identical on representation of each trials, as is the order of the trials. The only difference in implementation of the episodic and non-episodic memory tasks is the non-episodic memory task has a consistently white background throughout all trials. Each patient was tested on both tasks on the same day, but the order of testing was counterbalanced. The specific targets in the episodic and non-episodic memory tasks were different.
Data collection and pre-analysis
Electrophysiological data was collected for all subjects using the clinical equipment, a XLTEK 128 EMU headbox connected to the Natus XLTEK EMU40 amplifier (Natus Medical Incorporated; Pleasanton, CA). Sampling rates were between 500 and 1028 Hz. The behavioral flags were correlated with the recording data using the Natus Database software. The two behavioral flags were the time of trial start and the time of selection (choice point). These were manually placed in the recording files by reviewing the associated video recording (sampled at 30 fps). The resultant files were pruned and parsed into trials based on these behavioral flags. The video of testing was reviewed, and trials were the subject was distracted, talked during the trial, or waited greater than 10 s before making a selection were excluded from further analyses. All pre-analysis and analysis was performed on MATLAB (Mathworks, Natick, MA) using the FieldTrip software library (Oostenveld et al., 2011) . The recordings used the hardware high pass filter which has a fixed time constant of 1 s to filter out low frequency components. Recordings for each trial were referenced to the average of all electrodes. Each trace was locally detrended using a first order polynomial for the length of the trial. Alternating current (AC) line noise was removed using a 60 Hz notch filter.
Electrode localization
Localization of electrodes was performed using pre-operative MRIs and post-operative CTs. Coregistration of MRI and CT was performed using FreeSurfer (http://surfer.nmr.mgh.harvard.edu/), and the location of each electrode was selected on the post-operative CT. A parcellated image of the patient's cortical surface was generated using FreeSurfer from the T1 series of the pre-operative MRI. Cortical parcellation is by the DKT40 Atlas (Desikan et al., 2006; Klein and Tourville, 2012) . The reconstruction by FreeSurfer was manually reviewed for cortical defects, and no subjects required corrections. The report from the recording was reviewed by a board-certified epileptologist (LVM, MCF, and JYY) to identify those electrodes with interictal discharges and those within the SOZ. The intracranial data was also visually inspected to exclude electrodes with artifacts or that were poorly connected.
Analysis
Behavioral flags were established by reviewing the video of the subject performing the task. Because the video frame rate is 30 fps, the maximum discrepancy between an event (e.g. target selection) and the time it is recorded by the amplifier is 33.3 ms. Consequently, all trial traces were down sampled to 100 Hz. Spectral powers were calculated using the FieldTrip using a complex Morlet wavelet transformation (wavelet width ¼ 7). Spectral power was calculated for all electrodes from between 1 and 30 Hz, calculated at 1 Hz increments using the wavelet method as indicated by the equation below: 
In the equation above, WCohðt; f Þ indicates the wavelet coherence which is generated from the cross-spectrum of the two time series, SW xy , and the autospectrum of the two time series, SW xx and SW yy (Lachaux et al., 2002) .
The results of calculations for spectral power -grouped by frequency band -and coherence between each electrode at each frequency band were grouped according to the anatomical location (the lobe) of the electrodes. Each measure was subjected to three statistical tests. First, the coherence or spectral power at a particular band (divided by the mean at that band for that trial block) was calculated for each block and anatomic location/pairing. At each time point, whether the activity was different between the episodic and non-episodic memory tasks for each time point (a 1/100 s bin) was evaluated using a Wilcoxon rank sum test. This was calculation was synced to two time points (trial start and choice point) for all the subjects combined and for each subject individually. Second, the coherence and spectral power at a particular band (divided by the mean at that band for that trial block) was correlated with performance during that block using Spearman's rho. (The first block was excluded because the subjects had never seen the exemplars during this block.) This was calculated synced each time point (trial start and choice point) in all time bins (a 1/100 s bin) for all the subjects combined. Finally, the imaginary part of coherence, which isolates those parts of coherence that occur at a non-zero phase lag, was calculated synced each time point (trial start and choice point) in all time bins (a 1/100 s bin) for all the subjects combined. This measure applies only to the coherence calculations, not to the spectral power. The results of this calculation were tested to determine (caption on next column) Fig. 1 . Behavioral Tasks and Performance. (A) In the episodic memory task, 2 fractal target images are presented on a colored background filled with randomly populated geometric figures. If the patient selects the correct target, the target flashes for 3 s, followed by a 3 s Inter-Trial Interval (ITI) before the next trial. If the patient selects the wrong target, the wrong target is replaced with a black square that says "WRONG" and the correct target flashes for 3 s, followed by a 3 s ITI. There is a 16-trial block where the subject has never seen the exemplars before. This 16 trial block is then repeated 4 times for a total of 80 trials. The non-episodic memory task differs from the episodic memory task only in that the background is white rather than colored. (B) Performance (top row) for the episodic and non-episodic memory tasks was highly variable between patients but showed an overall improvement with block number. There were no statistically significant differences between performance for the two tasks (Wilcoxon rank sum test by block). Reaction times (bottom row) for the patients tended to be stable throughout the blocks with some tendency towards more rapid reaction times during the first block. There were no statistically significant differences between reaction times for the two tasks (Wilcoxon rank sum test by block).
whether at each time point, the activity differed from 1 -indicating the baseline imaginary coherence between regions at that band -to determine whether changes in activity occur at a non-zero time lag, excluding the possibility of contamination with volume conduction (Nolte et al., 2004) . The results of all statistical tests were corrected for multiple comparison's using Bonferroni correction.
Results
Episodic and non-episodic memory task performance
We tested seven patients during performance of the episodic and nonepisodic versions of the object-in-place scene memory task (Fig. 1A) . Performance on the behavioral task and reaction times are indicated in Fig. 1B . No significant differences between the tasks were noted, but this study was underpowered to detect those differences.
Activity during performance of episodic and non-episodic memory tasks
We recorded activity from eight hundred and fifty-four locations in the seven patients during performance of episodic and non-episodic memory tasks (Fig. 1A, Table 1 ). Of these, two-hundred and fifty-nine showed interictal discharges, and sixty-one were located in the SOZ. All electrodes within the SOZ also had interictal discharges. Thirteen electrodes in the left hemisphere and fifteen in the right hemisphere were excluded because they were in white matter. Of five hundred and six locations, 74 were in the left hemisphere and 432 in the right hemisphere (Fig. 2) .
To reduce the chance of false positives, we defined the threshold for a significant effect in four ways. First, for an effect to be marked as significant, there had to be a statistically significant difference in activity (by Bonferroni-corrected Wilcoxon rank sum test) between the episodic and non-episodic tasks for at least 100 ms of time points continuously. Second, to ensure that observed effects were not driven by the activity in a single subject, each effect had to be present and statistically significant in more than half subjects with the subjects taken individually rather than in aggregate. Third, any effects had to correlate with performance (by Bonferroni-corrected Spearman's rho) during the time of significant difference in activity between the tasks, meaning that for 100 ms of time points continuously there need to be statistically significant positive or negative correlation between block-wise performance and activity. Fourth, any effects had to occur at a point where the activity had a significant imaginary component of complex coherence -a part of the wavelet used to extract the oscillations that ignores activity occurring at a zero time lag and thereby excluding effects of volume conduction (Nolte 
Theta band coherence increases around the choice point in the episodic memory task
Applying these criteria, there was a significant and broadly anatomically distributed network of pairwise theta-band coherence that occurred exactly or very closely after the choice point and was closely related to behavioral performance in the episodic memory task (Fig. 3A  and C) . The effect is also observable in the alpha band and to a lesser extent in the beta band; however, in these bands the effect was significant in fewer region pairings (theta ¼ 9, alpha ¼ 7, beta ¼ 4) ( Supplementary  Fig. 1 ). To confirm that the effect was not related to the method for calculating coherence, the analysis was repeat using the multitaper method (Mitra and Pesaran, 1999) which produced comparable results ( Supplementary Fig. 2 ). To confirm that the effect was not driven by a single subject, each subject was analyzed individually and 4 of the 7 showed a statistically significant effect ( Supplementary Figs. 3 and 4) . Further, this increase in theta band pairwise coherence is not observed in the non-episodic memory task. Note that the effect is most distinct in the interaction between the frontal and temporal (medial and lateral) electrodes, but also includes interactions with the parietal and occipital cortices. There were no significant effects observed in the delta band. There is an increase in overall theta band power, particularly in the mesial temporal region, but there is no difference in theta band power between the tasks ( Supplementary Fig. 5 ). Further, this effect occurs when the imaginary part of coherence -coherence modified to ignore activity occurring at a zero time lag -also shows a statistically significant increase ( Supplementary Fig. 6 ) indicating that the effect is not from volume conduction.
This anatomically broadly distributed network shows a negative correlation with trial block performance at the time of the choice (Fig. 3B ). This indicates that early trial blocks where the performance was lower show a larger increase in theta pairwise coherence than later blocks where performance was higher, i.e. early in blocks where the subject must encode new exemplars, there is the greatest increase in pairwise theta coherence in this network. The largest and sharpest negative correlations are observed between the frontal lobe and the temporal cortices, but the negative correlation with activity recruits the parietal and occipital lobes as well.
Theta band coherence increases around the trial end in the nonepisodic memory task
Comparison of the episodic and non-episodic memory tasks showed that a theta band network is activated around the choice point in the episodic but not the non-episodic memory task. However, theta band activation does occur at a different point in the trial during the nonepisodic memory task. Fig. 3A and D also show significant increases in pairwise theta band coherence between the frontal, parietal, occipital and lateral temporal lobes. This effect occurs during the last 2 s of the trial -following the choice and immediately prior to the inter-trial interval. Further, the size of the theta band coherence increase in the nonepisodic memory task is positively correlated with performance (Fig. 3B ). There is a statistically significant increase in theta band power in the frontal lobe during this period, and a trend toward significance in the other included regions (Supplementary Fig. 5 ). However, the imaginary part of coherence is also greater than baseline during this period (Supplementary Fig. 6 ), suggesting that the effect is not related to volume conduction.
Increase in theta band coherence is not present with the SOZ
There was a significant and broadly anatomically distributed network of pairwise theta-band coherence that occurred at the choice point and was closely related to behavioral performance in the episodic memory task. This analysis included only theta coherence calculated between electrodes that lacked interictal discharges and were outside the patient's SOZ. To determine whether the patient's epileptogenic network was participating in the episodic memory tasks normally or abnormally, we compared the pairwise theta coherence between electrodes lacking interictal discharges and outside the SOZ to 1) pairings with electrodes with interictal discharges and 2) pairings with electrodes within the SOZ (Fig. 4) . Theta band coherence during the episodic memory task increased around the choice point in pairings with electrode with interictal discharges. No region-to-region connection showed a significant reduction in theta band coherence when comparing pairings without interictal discharges to pairings with interictal discharges, through for frontoparietal connections there is a short period of higher coherence in the interictal group. By contrast, theta band coherence in the episodic memory task did not increase significantly around the choice point in pairings with electrodes in the patient's SOZ. Specifically, there was no increase in theta band coherence between the frontal and mesial temporal and the frontal and lateral temporal lobes after the choice point in pairings with the patient's SOZ. With respect to the non-episodic memory task, there is a similar pattern (Supplementary Fig. 7 ). Theta band coherence in the non-episodic memory task did not increase significantly around the trial end for some pairings with electrodes in the patient's SOZ. Specifically, there was no increase in theta band coherence between the parietal, occipital, and lateral temporal lobes at trial end in pairings with the patient's SOZ.
Discussion
Two different theta band coherent networks for episodic and nonepisodic memory
We examined oscillatory activity and synchrony during the performance of episodic memory and non-episodic memory tasks in seven patients undergoing intracranial EEG for surgical management of epilepsy. Based on synchrony in the theta band, we identified an anatomically broad network including the frontal, temporal and parietal lobes that was unique to situations when episodic memory was engaged (Fig. 3) . This network shows activation in theta coherence at the choice point during the episodic memory task, and the degree of activation negatively correlates with task performance. This suggests increased theta coherence may be related to a learning signal to help consolidate the episode for later retrieval. Alternatively, it may indicate that the theta band coherent network becomes less necessary as retrieval improves, meaning that when the subject's performance is poor and retrieval is more difficult, the network activation is greater. The anatomic network identified here complements and extends findings from lesion studies in non-human primates and humans (Aggleton et al., 2000; Browning et al., 2005; Browning and Gaffan, 2008; Gaffan and Parker, 1996; Simons and Spiers, 2003) and is consistent with the known anatomical connections between prefrontal cortex, hippocampus, and amygdala (Aggleton et al., 2015) .
An overlapping but different network including parts of the temporal and parietal lobes was activated during the performance of the nonepisodic memory task (Fig. 3) . This network positively correlated with performance. We hypothesize that this effect may be related to differential activation of an attentional network that supports, but is not required for performance of non-episodic tasks. It could also reflect greater engagement of episodic memory systems once object-reward associations have been acquired by subcortical, "habit" memory systems (Wimmer et al., 2014) . Whatever the functional significance of the network activated during the non-episodic memory task, the differentiation in anatomical components, timing relative to stimulus onset, and association with task performance indicates its distinct nature compared to the episodic memory network.
Our results build on prior human intracranial recordings that have highlighted a role for synchronous oscillations to support memory, The correlation between pairwise theta coherence between the two indicated brain regions (row and column labels) and percent correct during that trial block for the episodic memory (red) and non-episodic memory (blue) tasks. A green and yellow line indicates a significant correlation between theta coherence and performance (Bonferroni corrected p < 0.05 by Spearman's rho) for the episodic and non-episodic memory tasks, respectively. Shaded red and blue regions indicate 95% confidence intervals by bootstrap. (C) Maximum pairwise theta-coherence between the connected brain regions during the listed interval for the episodic memory task. (D) Maximum pairwise theta-coherence between the connected brain regions during the listed interval for the non-episodic memory task. specifically episodic memory. Fell et al. showed theta and delta phase synchrony between the hippocampus and rhinal cortex during word memory retrieval (Fell et al., 2008) . Similarly, Foster et al. showed theta and delta band phase synchronization between the mesial temporal lobe and retrospenial cortex during autobiographical memory retrieval (Foster et al., 2013) . Watrous et al. show successful memory retrieval increases 1-10 Hz phase synchrony diffusely throughout the brain with a hub in the parahippocampal gyrus (Watrous et al., 2013) . Burke et al. show in a word encoding and retrieval task that theta phase synchrony increases between the temporal and the prefrontal lobes (Burke et al., 2013) . Finally, in a huge study of over 200 patients, Solomon et al. show increases in theta synchrony and decreases in gamma synchrony across a broad network during memory encoding and retrieval (Solomon et al., 2017) . However, a non-episodic comparison task was not used in any of these studies. By adding this paradigm, we could compare the networks involved in the two tasks and relate our findings to lesion data on brain regions required for task performance.
Our findings also provide unique insight into the how different synchronous networks are recruited in two neuropsychologically wellcharacterized behavioral tasks that require different forms of memory. The finding that the theta band coherence network includes the sites that have been demonstrated in lesion studies to be required for task performance does not prove that theta coherence is required for episodic memory, but it does add additional weight to this hypothesis.
The SOZ fails to engage the theta band coherent network
Further, our findings show a clear divergence in activity between the patient's SOZ and the rest of the brain. Memory deficits during the interictal interval are common in epilepsy patients (Blake et al., 2000; Rzezak et al., 2017; Wang et al., 2011) , but the neurophysiologic mechanisms for these deficits are not well understood. Our findings demonstrate a possible mechanism for these deficits, namely that the SOZ fails to participate in the theta band synchronous network necessary for episodic memory. If the hypothesis that synchronous oscillations bind brain regions into functional networks is correct (Buzs aki and Draguhn, 2004; Engel et al., 2013; Siegel et al., 2012; Womelsdorf et al., 2007) , this failure in synchronous oscillatory activity results in a failure of information transfer between the SOZ and the rest of the brain. Thus, even in patients with nonlesional epilepsy, this failure to interact with the rest of the brain may result in the patient being functionally-lesioned in the brain regions are that required to support episodic memory. Although prior The proportion change in pairwise theta coherence between the two indicated brain regions (row and column labels) during the performance of the episodic memory task. Red indicates pairwise theta coherence between electrodes outside the SOZ and without interictal discharges. Green indicates interactions between electrodes with interictal discharges but outside the SOZ. Blue indicates interactions between electrodes and the SOZ. The first vertical dotted line indicates the choice point. The second vertical dotted line indicates the end of the trial. Shaded green, red, and blue regions indicate 95% confidence intervals by bootstrap. A yellow line indicates a significant difference in theta coherence between interactions with the SOZ (blue) and those interactions outside the SOZ and with electrodes without interictal discharges (red) (Bonferroni corrected p < 0.05 by Wilcoxon rank sum test). A magenta line indicates a significant difference in theta coherence between interactions between electrodes with interictal discharges (green) and those interactions outside the SOZ and with electrodes without interictal discharges (red) (Bonferroni corrected p < 0.05 by Wilcoxon rank sum test). studies have shown that functional connectivity with the SOZ is reduced during the interictal interval (Burns et al., 2014; Warren et al., 2010) , to our knowledge no other study has shown a reduction in functional connectivity in a network of brain regions required to perform a specific cognitive task.
These findings are significant because they provide an alternative mechanistic hypothesis for the memory deficits observed in epilepsy patients. It would be interesting to establish whether seizure freedom from treatment leads to a restoration of normal synchronous activation and an improvement in observed deficits. In addition, Burns et al. suggest that abnormal patterns of functional connectivity during the interictal interval can be used to localize the SOZ (Burns et al., 2014) . Our findings support this approach, but they also suggest that cognitive testing may increase the sensitivity and specificity of this analysis by highlighting holes in the network.
Limitations
It is important to address possible confounds to these results including the effect of volume conduction and activity caused by motion of the arm. It is unlikely that these results are secondary to volume conduction for two reasons. First, intervening brain regions between the frontal and temporal lobes such as the insular cortex do not show theta band coherence, contrary to what would be expected if the effect was due to volume conduction. Second, analysis of the imaginary part of coherence removes the presence of synchronous activity at a zero time lag, and the activity remains different from baseline in this analysis. Likewise, it is unlikely that the observable effect is because of motion of the arm towards the target for several reasons. First, the motion is essentially identical in the episodic and non-episodic memory task, yet the two tasks activate very different networks. Second, the effect in the non-episodic memory task appears at the trial end, after motion has ceased. Third, the effect appears in both hemispheres, regardless of the arm that was used to make the choice.
In addition, several aspects of these experiments suggest caution in over-generalizing these results. First, because of limitations in the sampling rate of the behavioral output (behavioral flags were determined manually on the clinical video -30 fps), we did not attempt to evaluate effects that occurred at frequencies greater than 30 Hz. Second, brain coverage with electrodes was dictated by clinical necessity, and there was relatively less coverage of the left hemisphere in our sample. As a consequence, we could not determine whether observed effects were more prominent in the left or the right hemisphere. Similarly, while 5 right-handed patients and 2 left-handed patients were included, this study was not sufficiently powered to detect differences by handedness. Third, the study was limited in comparison of the SOZ to the rest of the brain because there was only a single patient with extensive bilateral coverage, and that participant did not seize during the study. It would be confirmatory of the findings related to the activity of the SOZ during episodic memory to record patients bilaterally and then retrospectively divide the hemispheres into those with SOZs and those without. Experiment are ongoing at our center to confirm these effects in a larger sample of bilaterally-implanted patients. Finally, though the study included subjects of aged 23 to 57, it was not sufficiently powered to detect differences by age. One subject was much older than the others and this may have affected the results.
Conclusion
An influential theory posits that synchronous oscillations support cognitive functions by binding information from distant parts of the brain into a functional network (Buzs aki and Draguhn, 2004; Engel et al., 2013; Siegel et al., 2012; Womelsdorf et al., 2007) . Here we show that episodic memory is uniquely associated with synchronous activity in a network comprising distant brain regions in frontal, temporal, and parietal lobes.
The degree of activity in this network correlates with the accuracy of choices dependent on episodic memory, and choices based on non-episodic memory processes do not require the same network. The size of the network is much larger than what would be suggested by lesion studies, and more closely matches the results of fMRI (Spaniol et al., 2009 ). Thus, our data provide empirical support for the hypothesis that synchronous activity binds together diverse brain areas into distinct functional networks to support cognition in humans. Further, our data show that activation of theta-band synchronous network is absent in the SOZ, suggesting a possible mechanism for memory deficits observed in epilepsy patients. Finally, by highlight poor participation in a cognitive network, our findings suggest a possible technique to identify the SOZ on the basis of interictal activity.
